Predicting peak breach discharge due to embankment dam failure is of vital importance for dam failure prevention and mitigation. Because, when dams fail, property damage is certain, but loss of life can vary depending on flood area and population. Many parametric breach models based on regression techniques have been developed so far. In this study, an efficient model is proposed to forecast peak discharge from the height of the water and volume of water behind the dam at failure, respectively, by using the Kriging approach. The previous studies, which consist of 13 numerical models, are used as a benchmark for testing the proposed new model, by employing five different error criteria. Moreover, a new database is compiled by extending the previous one. In addition, it is demonstrated that R 2 , which only quantifies the dispersion between measurements and predictions, should not be considered alone for checking the model capabilities. At least, the other criteria should be employed together with R 2 . As a result, it is shown that one can forecast the peak flow discharge with more significant accuracy by the proposed model than other previous models developed so far.
In the literature, different classifications exist concerning embankment dam breaching (Wahl ; D'Eliso ) . The most recent ASCE/EWRI Task Committee on Dam/Levee Breaching has divided embankment breach models as parametric, simplified physically-based, or detailed physically-based, considering the model formulation and approximation of physical processes. These can be further classified into empirical, analytical, and numerical models in terms of their solution method employed. Parametric models, which are the focus of this research, are usually empirical, physically-based models derived by using regression models (RMs). Before the late 1970s, peak discharge calculations were rarely used. During the 1980s, many researchers began gathering detailed information about dam breaching in order to develop models that are able to predict the effects and mechanisms of breach and estimate peak outflows. Kirkpatrick () is among the first researchers to develop the peak discharge formula by employing a curve fitting technique.
Since then, many researchers have followed him by compiling and/or using case studies data compiled by others to develop empirical equations relating peak breach outflow to dam height, reservoir storage volume, or combinations of both. Regarding the complexity of the dam breach phenomenon, existent models are often insufficient. 
RESTRICTIVE ASSUMPTIONS IN REGRESSION ANALYSIS
The equations developed so far in Table 1 The third violation occurs in the assumption 'Means of conditional distributions', stating that mean average errors must be zero. However, these values are calculated as 1,319.2 and 1,295.5 by using the Equations (15) and (16) of Pierce et al. () in Table 1 , using 87 case studies. It is rather obvious that these assumptions are not satisfied collectively in many problems such as for the data in the research by Pierce et al. () . Although the equations developed by RM yield better results than others in terms of error statistics, they must be cautiously employed. The KM, which has no restrictive assumptions, is suggested in this paper for better and robust application and subsequent predictions. The resulting database consists of 98 case study data ( 
DATA USED

THEORETICAL BASIS OF KRIGING METHODOLOGY
In this section, brief information is given about the KM, which is an optimum interpolation method employing the empirical sample Semivariogram (SV) to weight sample points based on their locations in space relative to the point value that is to be estimated. Kriging interpolation technique is built on the assumption that things that are close to one another are more alike than those farther away (Sȩn ).
The SV is a measure to quantify this relationship that pairs which are close in distance should have a smaller measurement difference than those farther away. This technique has three assumptions:
1. The spatial sampling points are representatives of the random variable (ReV) at a set of given locations with measurement values.
2. The ReV is considered as a second-order random field variable with mean, variance, and SV.
3. The mean of ReV is assumed to be constant regionally but unknown.
The KM needs two variables as independants and one variable as dependant.
x-y axes in the classical geostatistical approach are replaced by the two independent variables within the system. In this study, H, height of the water behind the dam at failure, and V, volume of the water behind the dam at failure, are taken as inputs respectively, whereas Q p , peak outflow due to dam breaching, is an output. The contour maps to identify and relate the influence of H and V on Q p are also plotted.
The main principle of the Kriging (optimum interpolation) methodology is to set up a valid theoretical variogram model (γ) that can interpret and characterize the structural relationships of natural phenomenon. In Ordinary Kriging techniques, the theoretical variogram matrix is given as follows:
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B is the semivariance matrix between the estimation site and the other sites around, described as: The Ordinary Kriging estimate of the ReV at location E can be obtained as
In general, a Kriging study covers two steps: (i) obtaining theoretical SV (γ) and (ii) solving the prediction problem using the equation, Z E .
The flow chart of the Kriging methodology is given in Variogram models can be grouped with and without sill.
The sill is, by definition, the maximum value of the variogram that can become stable. The SV has the lowest value at the smallest lag distances and increases with distance and finally levels off at the sill. The sill generally approaches the variance of the field data (Ozger & Sen ) . The critical horizontal distance where the sill is reached is called range (or the radius of influence). The points, whose separation distances are larger than the range, are not correlated. Another important point in a variogram is the nugget effect. In theory, the SV value at the origin (0 lag distance) should be zero whereas, in practical applications, this criterion cannot be met due to the measurement errors. The nugget effect, which is a jump at the origin, includes discontinuity in the data ( Figure 5 ).
The term 'Scale' is the vertical distance, which is the total vertical sill minus the nugget effect. In some cases, the theoretical SV does not reach the sill, as is the case with linear, logarithmic, and power variograms (Sȩn ) .
In this study, the KM is only constructed by using 76 case study data, namely the constructing data set. Since the different input variables (H, V ) and the output variable (Q p ) have different ranges and units, it is necessary to employ a standardization procedure in order to restrict the data range to the interval of zero-to-one. Hence, both inputs and the output are divided by their maximum such which is approximately 1/3 of the maximum distance for the whole data as a rule of thumb (Sȩn ) . The number of lags and lag width are determined as 25 and 0.188, respectively (4.7 × 0.188 ¼ 25). The least square approximation is then applied for fitting the data. In this study, an isotropic condition, which assumes that the semivariance is only dependent on distance and not on direction, is applied.
The triple diagram (TD) by using Kriging approach is plotted, considering H and V as inputs for axis 'x' and 'y'
and Q p as output for axis 'z', which helps to make optimum interpolation. The design or site engineer can make easy and reliable predictions by reading these maps. TD for Q p prediction due to the embankment dam failure is depicted in Figure 7 with color scale. Numerical prediction results from the maps can be obtained by entering Ln (H=H max ) and Ln(V=V max ) on x and y axes, respectively. The desired prediction value can be either read from these maps approximately, or calculated by using Kriging prediction equations. The Q p , namely the axis z, corresponds Ln (Q p / Q pmax ), which is within the range of 0 to À12.
It is noticeable that there exists a nonlinear relationship between the inputs and output variables in Figure 7 . In the diagram, the bended curves show the uncertainties inherited in the system, which are shown in rectangular blocks. These nonlinearities are nearly impossible to reflect by using simple regression approaches.
Logical interpretations can also be made by using Figure 7 , such as the following:
1. As V and H increase, Q p increases.
2. The derivation of Q p is more dependent on V than H.
3. The uncertainties are mostly situated in the green region of Figure 7 , which is within the range of [À6 to À8], namely [75-10 m 3 /s], (30,000 × exp (À6) ¼ 75, 30,000 × exp (À8) ¼ 10). literature. However, in order to come to a sound conclusion, consideration of only R 2 is not sufficient. In this paper, it is demonstrated that other error statistics should be considered together with R 2 . In addition, Pierce et al. () implied that R 2 of the proposed models of Equations (15) and (16) 
EVALUATION OF THE PROPOSED MODEL
where subscripts m and p indicate measured and predicted values respectively, the variable with a bar over it represents the average of that variable and n is total number of data, which are 76, 18 and 94 for constructing, testing and total data, respectively. s Q pm and s Q pp represent standard deviation of Q pm and Q pp , respectively.
The fact that only dispersion is quantified is one of the major drawbacks of CC if it is considered alone (Krause These are 4, 584.951, 1, 559.312, 0.774, 21, 715.403 and 0.412, and 4, 327.416, 1, 424.701, 0.843, 21, 014.498 and 0.476 for Equations (15) and (16) of Pierce et al. () .
In Table 4 , the best three models together are also given, considering the five different error statistics. In Table 4 , the superiority of the KM is rather obvious in terms of the five different error statistics. Both the US Bureau of Reclamation () and Froehlich () approaches are placed second in terms of two error statistics out of five. () in Table 4 , in terms of the 76 constructing dataset.
The scatter diagram of the best three models around a 45 W perfect model line is shown in Figure 8 . This figure shows that the proposed model follows the perfect line closely, but this is not valid for the others.
The prediction results for the 18 testing dataset are given in (15) and (16), whereas it is 0.9367 for the proposed model.
In Table 6 , the best models are demonstrated, considering five different error statistics. As for the 18 testing data, our proposed model gives the best results according to four out of the five error statistics. Although our proposed model is third in CC, the comparative results are more or less the same with Equations (15) and (16) Scatter diagrams of best models for the 18 testing dataset are shown in Figure 9 . It is clearly visible that the proposed model yields more realistic results than the others do.
The prediction results of Q p for a total of 94 data are given in Table 7 (15) and (16) Best models for the 94 overall dataset are given in >31.4 m is also seen at the third place three times.
The scatter diagram of the best three models around a 45 W perfect model line including all 94 data is presented in Figure 10 . It is clearly noticeable that deviations of the proposed model are much smaller than those of the others.
The best models are also checked for relative error, which is thought to be the best criterion for the problems | Scatter diagrams around perfect line for best three models using 18 testing dataset. whose purpose is to check how well the predictions converge to measurements (Erdik & Savci ) .
Comparative results in Figure 11 demonstrate that the proposed model is in better compliance with the observed peak discharge (Q p ) than the other The superiority of the proposed model becomes rather obvious in the prediction of Q p , after all the aforementioned numerical and graphical comparisons. Besides, the Kriging approach is also very fast in application. Overall, these results suggest that the developed model can be utilized as an efficient tool for better Q p prediction than others.
CONCLUSION
The application of the KM for development of the more robust and efficient predictive model for determination of peak discharge due to embankment dam breach is presented in this paper. A new database is extended and employed Other statistical error criteria should be employed with R 2 to get more satisfactory results. Depending on the availability of the recorded data, the proposed model can be applied to gain more reliable estimation than the previous ones.
Figure 10 | Scatter diagrams around perfect line for best three models using overall 94 dataset.
Figure 11 | Relative error of best models for total 94 data.
